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Agriculture holds significant potential for growth in Sub-Saharan Africa. However, production and 
productivity remain low due to factors such as climate change and variability, and limited access to 
and low adoption of appropriate technologies. Using data from Lushoto in Tanzania, this study 
explores the drivers of adoption of agricultural technologies and practices, taking into account the 
complementarity among agricultural technologies and heterogeneity of the farm households. The 
technologies include diversification of improved resilient crop varieties, inorganic fertilizer, and 
pesticides and/or herbicides.  
The results show that, conditional on the unobservable heterogeneity effects, household adoption 
decisions on diversification of multiple stress-tolerant crops, inorganic fertilizer, and pesticides and 
herbicides are complementary. The results also confirm existence of unobserved heterogeneity 
effects leading to varying impact of explanatory variables on adoption decisions among farmers with 
similar observable characteristics. Thus, any effective agricultural technology adoption and diffusion 
strategies and policies should take into account the complementarity of the technologies and 
heterogeneity of the households. Such technologies could be promoted as a package while taking 
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Projected and current climate change impacts on agriculture, food and nutrition security, and 
poverty are raising global concerns, calling for urgent action by communities, governments, regional 
and international organizations. Small-scale farmers in East Africa are already experiencing rising 
scarcity of and reduced access to agricultural land due to rapid population growth, and declining soil 
fertility, leading to declining agricultural yields and production (Jayne et al. 2014, Nelson et al. 2014, 
Yamano et al. 2011). The frequency and severity of extreme weather events such as floods, 
droughts, and rainstorms are expected to increase in East Africa, which, coupled with increased 
outbreaks of pest and disease, will lead to a further decline in agricultural yields (IPCC 2014, 
Seneviratne et al. 2012). These changes are likely to have differentiated impacts. Overall, the poor 
farmers who depend on rain-fed agriculture and have low adaptive capacity are likely to bear the 
heaviest brunt (IPCC 2001), leading to worsening poverty and food security indicators (Thornton et 
al. 2011). Thus, it is imperative that these farmers transition to agricultural technologies, practices 
and innovations that enhance their resilience and climate risk management in terms of ecology and 
socio-economics (Berkes et al. 2003). Some of the strategies that farmers use to cope with climate 
change include diversification into improved resilient crop varieties and livestock breeds, soil and 
land management technologies, water conservation, and improved fodder production and livestock 
feeding technologies (Babatunde and Qaim 2010, Burney and Naylor 2012, Karamba et al. 2011, 
Kristjanson et al. 2012, Nyasimi et al. 2017). These technologies, collectively referred to as climate-
smart agriculture (CSA) technologies, increase productivity, enhance adaptive capacity, and food and 
nutritional security of the farming households, and contribute to climate change mitigation (FAO 
2010).  
In order to increase uptake, the CSA technologies and practices need to be appropriate for local 
ecological, climatic, socio-economic and cultural conditions, and the farmers need to be equipped 
with relevant knowledge and skills to use the technologies. It is for this reason that the CGIAR 
Research Program on Climate Change, Agriculture and Food Security (CCAFS), in partnership with 
other stakeholders, has been piloting the Climate-Smart Villages (CSVs) approach in East Africa to 
help farmers respond to climate variability and change. The CSVs include Lushoto (Tanzania), Wote 
and Nyando (Kenya), Hoima and Rakai (Uganda), Borana and Doyogena (Ethiopia). The CSVs in East 
Africa have been described in detail in previous studies, including the various CSA technologies 
piloted (see Recha et al. 2017, Radeny et al. 2018). This paper examines the adoption of CSA 
technologies and practices, using data from the Lushoto CSV in Tanzania. The paper documents CSA 
adoption trends and investigates the multidimensional agricultural technology adoption decisions by 
farmers across heterogeneous households. We seek to quantify potential complementarities among 
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agricultural technologies and innovations, and the unobserved household heterogeneities. 
Quantifying complementarities of these technologies and innovations is important because they are 
potentially correlated with some of the observable and unobservable drivers of household 
technology adoption decisions (Barham et al. 2004, Duflo et al. 2008). From a policy perspective, this 
is important for designing strategies for effective diffusion of agricultural technologies. We focus on 
three technologies and practices: diversification of improved resilient crop varieties, inorganic 
fertilizers, and pesticides and herbicides, which have sufficient observations and variability for 
quantitative analysis with the available data. Diversification of improved resilient crop varieties has 
been promoted by CCAFS and the Tanzania Agricultural Research Institute (TARI) as an effective 
strategy for climate-risk management, improving household food diversity and building resilience to 
climate change. To maximize performance and benefits, diversification of improved resilient crop 
varieties has been promoted alongside improved agronomic practices, improved land management 
practices such as use of inorganic and organic fertilizers, agroforestry, soil and water management 
practices, minimum tillage characterized by prudent use of herbicides and pesticides, and improved 
storage of the harvest through careful use of pesticides to minimize post-harvest losses. The three 
technologies and practices identified for analysis are part of the portfolio of CSA technologies and 
innovations promoted by CCAFS and TARI in Lushoto and, indeed other CSVs of East Africa.  
Because the smallholder households are already experiencing the adverse effects of climate change, 
one would expect a quick transition to and use of CSA technologies. However, previous studies have 
noted that adoption and diffusion of agricultural technologies is not a linear process. It may be 
complicated by uncertainty, costs and benefits of the technology, gender of the farmer, social 
capital, labor and credit constraints and market access (Nordin et al. 2014, Ogada et al. 2014, Rao 
and Qaim 2010). Other studies have also shown that farmer-to-farmer interactions, visits to 
demonstration farms, and participation in informal social networks enhance uptake and use of 
agricultural technologies (Bandiera and Rasul 2006). The CSVs approach is structured in a way that 
encourages farmers to learn and share information with each other and take up CSA technologies 
and practices which are appropriate for their environments. It is believed that this provides a 
platform for more farmers to learn from the already adopting counterparts. While this is plausible 
from the perspective of literature, it is important to analyze its relevance for Lushoto district in 
Tanga Region of Tanzania. Lushoto provides an interesting context because of its diverse 
agroecology, socio-economic conditions and previous participatory selection and testing of CSA 
technologies and practices jointly undertaken by CCAFS, TARI, the Lushoto District Council and the 
partners (see Recha et al. 2015, 2017; Nyasimi et al. 2017). 
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 The study has several important findings. First, adoption decisions show strong complementarity 
among the agricultural technologies and practices. Second, unobserved heterogeneity effects are 
correlated with observable household characteristics which influence agricultural technology 
adoption decisions. Thus, ignoring the unobserved heterogeneity and complementarity effects in 
modelling agricultural technology adoption leads to biased estimates with adverse implications for 
policy and program design. The paper demonstrates that conventional agricultural technology 
adoption promotion approaches based on individual production functions may not achieve the 
desired impacts and outcomes. 
In the rest of the paper, we discuss the methodology used and the results of the analysis. In the final 























As indicated earlier, this study was undertaken in Lushoto, within the Usambara Mountains in 
Tanzania. Lushoto is a global biodiversity hotspot, characterized by warm and cold humid agro-
climatic zones. Farming and tourism are the main economic activities. The altitude ranges from 780 
to 2010 m above sea level. Rainfall is bimodal, ranging from 690 to 1230 mm per annum. The long 
rains occur from March to May (MAM), and short rains from October to December (OND).  Over the 
years, the rainfall amounts have been declining (Mahoo et al. 2015, Nyasimi et al. 2017) and have 
become highly variable, characterized by intense storms. Soil types vary along the topographic 
gradient, ranging from limited and shallow soils (Regosols and Lithic Leptosols) on the peaks, to more 
developed soils (Cutanic Acrisols and Ferralic Cambisols) (Massawe, 2011). The valleys are 
characterized by alluvial and wet soils (Mollic Gleyic Fluvisols and Fluvic Gleysols). Lushoto is densely 
populated, with average household landholding size of 0.4 hectares. The upper parts are 
characterized by intensive mixed crop-livestock farming, with agro-pastoral practiced on the lower 
parts. Because of the steep slopes, deforestation and population pressure, soil erosion is endemic. 
The soils are degraded, with low levels of soil organic carbon, indicating limited nutrient retention 
capacity (Winowiecki et al. 2016), and observed deficiencies in phosphorus and nitrogen (Ndakidemi 
and Semoka 2006). Overall, croplands have lost approximately 50% of soil organic carbon, and 34% 
of nitrogen (Winowiecki et al. 2015). This, coupled with the high rates of poverty, has made the 
households highly vulnerable to climate-related risks and climate change. 
To help the farmers respond to and cope with climate variability and change, CCAFS in collaboration 
with TARI and the Lushoto District Council, initiated collective action in seven villages in Lushoto 
from 2011. The partnership is modelled around CSVs, with the aim of improving local knowledge and 
understanding of climate risks for more informed decisions in agriculture. The approach provides a 
platform for researchers, local partners, and farmers to work together to test various CSA 
technologies and practices, select and apply those suited to their local conditions. The portfolio of 
CSA technologies includes weather, water, carbon, crop, livestock and knowledge-smart activities 
and innovations (Radeny et al. 2018). The overarching goal is to reduce hunger, ensure food and 
nutritional security and improve household incomes.  
Model specification 
The study uses two approaches: descriptive analysis of the monitoring and evaluation (M&E) data 
collected annually from 2013 to 2016, and an econometric analysis of a comprehensive cross-
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sectional survey of 2015 which covered all the villages as well as a range of household, farm level 
and contextual factors.  
For the econometric analysis, we make a stylized assumption that farm households are rational with 
the objective of maximizing their utility from agricultural technologies and innovations. More often, 
this utility is captured by agricultural productivity. Increasing agricultural productivity requires 
multiple technologies and practices. Thus, a farm household faces multidimensional adoption 
decision problems. A rational household will choose a combination of technologies and practices 
which maximizes its expected utility. This is the basis of the argument that package adoption may be 
more productive and beneficial to the farmers than independent adoption of the individual 
technologies and practices (Ogada and Nyangena 2019). However, pervasive uncertainty about a 
new technology or practice and binding credit constraints may confound the complementarity 
argument (Feder 1982). Nevertheless, there is sufficient justification to consider farmers’ multiple 
adoption decisions jointly because they are inter-related and likely to affect each other. Considering 
that the dependent variables are binary, we use the Multivariate Probit Model (MVPM) for this 
analysis. 
The general specification an MVPM with our three dependent variables is: 
 𝑌𝑖
∗ = 𝛽𝑖
′𝑋𝑖 + 𝜇𝑖 , 𝑖 = 1,2,3,                                                                                 (1) 
where 𝑌𝑖
∗is an unobserved variable representing the latent utility of adopting input/technology 𝑖, 𝛽𝑖 
is a vector of unknown parameters to be estimated, 𝑋𝑖 is a vector of observed factors believed to 
influence household adoption of input/technology 𝑖, 𝜇𝑖 is the error term which is normally 





]. Therefore, the observed binary adoption variable 𝑌𝑖 = 1, 𝑌𝑖
∗ > 0, 0 otherwise. 
Thus, the probability that 𝑌𝑖 = 𝑦𝑖, conditioned on parameters β, ∑, and a set of explanatory 
variables, 𝑋, can be expressed as, 
Pr[𝑌𝑖 = 𝑦𝑖 , 𝑖 = 1, 2, 3|𝛽, ∑ ] = ∭ 𝛷(𝑧1
𝐼1 𝐼2𝐼3
, 𝑧2, 𝑧3, 𝜌12, 𝜌13, 𝜌23)𝑑𝑧3𝑑𝑧2𝑑𝑧1,                            (2) 
where Φ is the density function of the multivariate normal distribution with the mean vector 0 and 
the variance-covariance matrix ∑ while 𝐼𝑖  is the interval (-∞, 𝛽𝑖
′𝑋𝑖) if 𝑦𝑖 = 1 and (𝛽𝑖
′𝑋𝑖, ∞) if 𝑦𝑖 = 0 




Measuring adoption of crop diversification 
Crop diversification may be viewed as the introduction of additional crops to the existing cropping 
system (Makate et al. 2016). In this paper, crop diversification is more broadly defined to include the 
substitution of indigenous crop varieties with improved and resilient crop varieties while broadening 
the base of the cropping system. The change also integrates improved and efficient crop agronomic 
management such as use of fertilizers, and pesticides and herbicides for improved productivity. 
Common measures of crop diversity include Berger-Parker Index, Entropy Index, Herfindahl Index, 
Margalef Index, Ogive Index, Shannon Index and Simpson Diversity Index. Counting the number of 
crops grown by the farmer is another commonly used method. In this study, we use Simpson Index, 
popularly known as Herfindahl–Hirschman Index (HHI) in economic literature. The preference is 
informed by the fact that the index has no requirement that the farmers produce all types of crops 
(Adjimoti and Kwadzo 2018). The index was computed as follows: 
  




                                                                                       (3) 
where 𝑝𝑖 is the proportionate land area under crop 𝑖 in the gross land area under crops; 𝑛 is the total 
number of crops that the household grows. 
The score value ranges from 0 to 1, where 0 means the household is specialized (not undertaking 
any crop diversification) while 1 means the household has the maximum possible level of 
diversification. Thus, all households with a score of 0 were classified as non-adopters while those 
with a score above 0 were classified as adopters of diversification of improved resilient crop 
varieties. For the complementary technologies and/or practices (i.e. fertilizer and pesticides and 
herbicides), a household is considered an adopter if it is used on two or more of the improved 
resilient crop varieties adopted by the household. This is because these technologies and practices 
are meant to be supportive of the crop diversification initiative. Thus, their use must reflect the 
diversification. 
Data and summary statistics 
For the analysis of adoption trends, we use four waves of M&E data collected in 2013, 2014, 2015 
and 2016. Information was collected using close-ended questionnaires and included household 
demographic characteristics, adoption of climate-smart crops and crop varieties, production and 
consumption of crops and livestock products, sale of farm products, land use management, 
agroforestry, household sources of food, access to climate and weather information, relative 
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changes in household income and social capital. However, the waves did not consistently target the 
same households and therefore, cannot be used to create panel data. Moreover, because of lack of 
counterfactual, we do not attempt to link adoption with CSVs. Instead, we examine the trends in 
proportion of households adopting CSA technologies and practices across the survey periods.  
For econometric analysis of adoption, therefore, we use a relatively more comprehensive survey of 
2015, covering all the seven villages of Lushoto. Our interest is to examine how households make 
their adoption decisions when multiple technologies and practices are available. As indicated earlier, 
we focus on three interdependent technologies and practices: diversification of improved resilient 
crop varieties, use of inorganic fertilizer, and pesticides and herbicides. We provide a summary of 
the adopters of each technology and how the different technologies are correlated with each other 
(Table 1). 
Table 1: Technology adoption rates in the sample. 
Agricultural technology and practice  
Crop diversification (%) 63 
Inorganic fertilizer in a diversified crop system (%) 37 
Pesticide/herbicide in a diversified crop system (%) 38 
Correlation between crop diversification and inorganic fertilizer use 0.31*** 
Correlation between crop diversification and pesticide/herbicide use 0.35*** 
Correlation between inorganic fertilizer and pesticide/herbicide use 0.48*** 
Number of observations (households) 257 
*** indicate that pairwise correlations are statistically significant at 1%. 
The results show that about 63% of the households were diversifying their crop enterprises and 
shifting to improved resilient crops and crop varieties. Another 37% were using inorganic fertilizers, 
with 38% using pesticides/herbicides. Correlation analysis shows that adoption of crop 
diversification of improved resilient crops and crop varieties may trigger the use of inorganic 
fertilizers and pesticides/herbicides by farmers. This underscores the notion that profitability of a 
given agricultural technology or practice may depend on adoption of another technology or practice 
(Barham et al. 2004, Ogada and Nyangena 2019). Bivariate adoption of crop diversification and 
inorganic fertilizer provides additional insight about perception of the farmers of the profitability of 
these technologies (Table 2). 
Table 2. Bivariate adoption rate of crop diversification and inorganic fertilizer. 
Crop diversification Inorganic fertilizer Total 
Yes No 
Yes 30% 33% 63% 
No 06% 31% 37% 




It can be observed that, 30% of households simultaneously adopted diversification of improved 
resilient crop varieties and inorganic fertilizer, and only 6% adopted inorganic fertilizer without crop 
diversification. However, a good fraction of adopters of crop diversification (33%) could still do so 
without having to adopt inorganic fertilizers. This may suggest that, in the Lushoto context, using 
inorganic fertilizers on local crop varieties and/or without diversification may not be profitable. It 
may further suggest that diversification of improved resilient crop varieties, even without inorganic 
fertilizer, could still be profitable. 
Previous studies have found household demographic characteristics such as gender, age and 
education of the household head, and household size to be important in influencing agricultural 
technology adoption decisions (see Ogada et al. 2014 for details). Other factors that have been 
found to be correlated with agricultural technology adoption include household land size, household 
income and/or access to credit and the relative importance of crop and livestock farming. Thus, we 
include these variables in the empirical specification. Table 3 provides a brief description of these 
variables. 
Table 3. Variables used in the analysis. 
 Variable name Variable description  Mean  SD 
Outcome variables    
Crop diversification Dummy=1 if household adopts diversification 0.63 0.48 
Inorganic fertilizer Dummy=1 if household uses inorganic fertilizer 0.37 0.48 
Pesticide/herbicide Dummy=1 if household uses pesticide/herbicide 0.38 0.49 
Household characteristics    
Age of household head Chronological age of household head in years 51 14 
Gender of household head Gender of household head (male=1) 0.8 0.4 
Education of household head Years of schooling of household head 9 2 
Household size No. of household members  5.5 2.0 
Household socio-economic factors   
Importance of crop farming Self-assigned score out of 10 points 6.5 1.7 
Importance of livestock  Self-assigned score out of 10 points 2.1 1.3 
Land size  Household land size in acres 1.99 1.15 
Income  Self-reported income (in USD) 198.5 362.8 
Social capital Membership of social groups (member=1) 0.4 0.4 
Access to credit Whether household received credit (received=1) 0.4 0.4 
Weather information Dummy=1 if household received weather forecast  0.79 0.4 
Previous fertilizer use Dummy=1 if household had previously used 
inorganic fertilizer 
0.21 0.4 
Number of Observations  257  
SD stands for standard deviation. 
About 80% of the households surveyed were male-headed while 20% were female-headed, with an 
average household size of 5. The highest level of education attained was primary for 62% of 
households, secondary for 31% of households, and post-secondary for 6% of households. For about 
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1% of households, no member had any formal education. Average years of schooling was 9. The 
average household land holding size was 1.99 acres. Crop farming was ranked by households as 
being more important with a score of 65%, while livestock production had an average score of about 
21%. Notably, the households had a modest annual income of about USD 200. In the period of 
reference, 40% of the households belonged to farmer groups. The same proportion also had access 























Results and discussion 
As indicated previously, the study used descriptive and econometric analysis.  Therefore, the results 
are also presented in two components: descriptive results from the M&E data and the econometric 
results from the analysis of the 2015 household survey. 
Descriptive results from the monitoring and evaluation data 
This focuses on crop management, land management, accessing climate and weather information and 
collective action. 
Crop diversification and management practices 
We examine adoption of high yielding, drought tolerant, early maturing, flood tolerant, and disease 
tolerant crop varieties overtime, disaggregated by gender (Table 4). 
Table 4: Adoption of crop diversification and management practices. 
Practice/variety 
adopted 
% adopters in 2013 % adopters in 2014 % adopters in 2015 % adopters in 2016 
FH MH T FH MH T FH MH T FH MH T 
High yielding 73 73 73 93 94 94 91 94 93 91 89 89 
Drought tolerant 18 22 21 29 23 24 26 44 41 38 27 30 
Early maturing 39 40 40 68 55 58 68 76 75 68 71 70 
Flood tolerant 4 2 2 0 7 5 13 8 9 11 14 13 
Disease tolerant 14 18 17 47 45 45 16 34 31 38 34 35 
Fertilizer/manure 67 62 64 32 31 31 53 53 53 73 71 72 
Pesticides 13 17 16 14 13 13 10 23 21 13 19 17 
Observations  49 152 201 69 211 280 41 216 257 51 148 199 
FH=Female-headed households; MH=Male-headed households; T=Total 
Overall, the adoption rates of crop diversification and management practices in Lushoto have been 
increasing. High yielding crop varieties are the most widely adopted, with adoption rates rising from 
73% in 2013 to 94% in 2014. Proportion of adopters dropped marginally to 93% in 2015 and 89% in 
2016. The other widely adopted practices included early maturing crop varieties and use of inorganic 
fertilizer and/or manure. This is partly attributed to the highly variable and declining rainfall amounts, 
and soil degradation in Lushoto. It is estimated that about 1980 households were using improved 
resilient crop varieties and intercropping by the end of 2017 from the seven villages (Bonilla-Findji et 
al. 2018) and increasing to 4,650 households by end of 2019 (TARI Technical report communication). 
The main improved resilient crop varieties being adopted are maize and beans. This has been 
attributed to the introduction of drought-tolerant Lyamungo-90 bean variety and Situka and Lishe 
maize varieties and multiplication through community seed bulking. These varieties are also high 
yielding. In the long rains of 2012, for example, a total of 140 farmers received half a ton of Lyamungo-
90 bean seed. They planted and harvested about 7 tons of beans (Recha et al. 2017). Twenty percent 
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of the harvest was kept in the community seed banks managed by the village Savings and Credit 
Cooperative Organizations (SACCOS) and distributed to a different set of farmers in the season that 
followed. Thus, it is not surprising that by 2016, 94% of farmers had completely switched to improved 
maize varieties while another 3% were using both improved and local varieties side by side. For beans, 
76% of the farmers had completely switched to improved varieties by 2016 while 7% were using 
improved varieties and local varieties side by side. Only 17% of the farmers were still using the local 
bean varieties. This is a significant progress in adoption given that, in 2013, only 73% of the households 
were using improved maize varieties while only 60% had introduced improved bean varieties. This 
trend continued in 2019, with farmers in Lushoto through their village SACCOS engaging researchers 
from TARI to source and supply more seeds of the improved resilient bean and maize varieties. 
Popularity of these improved resilient varieties is also attributed to their good taste. 
Another promising crop in Lushoto CSV is the potato, courtesy of on-farm trials led by the International 
Potato Center (CIP) and TARI. Three better performing varieties of potato, Asante, Shangii and Obama, 
were introduced in Lushoto (Harahagazwe et al. 2016, Recha et al. 2017). By 2016, 62% of the farmers 
had adopted these improved varieties while 16% of the farmers were growing them alongside the 
local potato varieties. That is an impressive adoption rate of 78%, implying that only 22% of the 
farmers were still planting the local potato varieties. This is a tremendous improvement from 2013 
when only 34% of the farmers had switched to improved potato varieties, 6% were growing a mixture 
of improved and local varieties while 60% were growing exclusively the local varieties. On the first 
attempt, farmers who planted these potato varieties for consumption tripled their yields, from 7 tons 
per hectare per season for local varieties (e.g.  Kidinya), to 24 tons for Asante, 29 tons for Shangi, and 
32 tons for Unica (Mkanano) improved resilient varieties. Similarly, yields increased for farmers 
growing potato for seed production. For example, the Asante variety yielded 18 tons per hectare per 
season for the seed potatoes compared to 5 tons per hectare per season for the local Kidinya variety. 
Information on yield increase from these improved resilient potato varieties has spread to the 
adjacent villages (i.e. spill over effects).  In order to maintain high quality potato seeds, the Lushoto 
farmers are using the diffused light storage (DLS) technology—a low-cost method of storing seed 
potatoes developed by CIP. DLS uses natural indirect light instead of low temperature to control 
excessive sprout growth and associated storage losses. Similarly, the proportion of farmers taking up 
improved cassava varieties increased from 12% in 2013 to 36% in 2016.  
To improve access to high quality seeds, farmers in Lushoto are now linked to the quality declared 
seeds (QDS) program of the Tanzanian government. The program seeks to empower farmers who face 
challenges with accessing high quality viable seeds. The QDS program involves multiplying seeds at 
the village level, using selected trained farmers. QDS seeds are of high quality, and free of deadly 
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diseases such as bacterial wilt, which causes extensive losses. The QDS farmers store between 1 to 2 
tons of seed potatoes, and DLS has been useful in extending potato storage life and therefore 
maintaining their productivity. 
In addition to crop diversification, farmers were making changes in their crop management practices 
(Figure 1). 
 
Figure 1. Proportion of farmers making crop management changes. 
Between 2013 and 2016, the widely used crop management practices included use of 
fertilizer/manure application and early planting. Figure 1 also shows that each year, about 29% of 
the farm households were introducing at least one new crop variety. The same proportion of 
farmers started using inorganic fertilizer and/or manure in the production of a crop where it had not 
been used before. Another 21% of the farmers were taking up early planting as a measure to 
manage crop production. The annual uptake of pesticides and/or herbicides was 12%, while that of 
dropping the indigenous crop varieties was 9%. 
As a result of the crop diversification and changes in crop management, some progress has been 
registered in household food security. While 62% of the households experienced more than 4 
hunger months in 2011, only 36% of the households had such an experience in 2016. Although data 


















assume that household nutrition has also improved over the years. This is consistent with the 
changes in household harvest of the main crops (Figure 2). 
 
Figure 2: Average household harvest of the main crops per season. 
While maize harvest showed a declining trend between 2013 and 2016, the harvest of beans and 
potatoes steadily increased. Most probably this is due to increased intercropping of beans and maize 
which is important for household dietary diversity. The decline in household maize harvest could 
easily be offset by the rise in beans harvest. For example, between 2014 and 2015, average 
household harvest of maize per season dropped by 7 kilograms (kgs) while that of beans increased 
by 66 kgs. Between 2015 and 2016, maize harvest dropped by 40 kgs while that of beans increased 
by 18 kgs per household. This indicates that the lost monetary value of maize production is quite 
easily offset by the gain in value arising from beans production. Moreover, beans are an important 
source of protein for the farm households in most of the rural areas in East Africa. Furthermore, 
potatoes, whose production is rising, can fill the gap of carbohydrates arising from decline in maize 
production.  
Land management 
Land management practices include adoption of terraces, ridges and bunds, intercropping, micro-
catchments, mulching, stopping the burning of crop residues, agroforestry, the number of trees 
planted, and reduction or expansion of land under cultivation of specific crops. Table 5 provides a 
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Table 5: Adoption of land management practices. 
Practice adopted % adopters in 2013 % adopters in 2014 % adopters in 2015 % adopters in 2016 
FH MH T FH MH T FH MH T FH MH T 
BUND 10 6 7 2 2 2 19 26 25 22 23 23 
CRCV 20 23 22 18 22 21 48 53 52 37 46 44 
INCR  42 40 40 42 41 42 79 71 72 49 56 55 
MCTS  13 9 10 3 8 7 29 37 35 31 31 31 
MULC  0 3 2 0 1 0 7 13 12 12 10 11 
SBRN 65 63 64 79 66 69 90 78 80 67 70 69 
AGFT 12 11 11 8 14 12 68 76 75 60 59 59 
TPLT* 52 90 81 35 119 100 60 101 95 45 671 506 
EXAR 98 100 100 100 100 100 100 100 100 100 100 100 
RDAR 83 88 86 94 88 90 90 89 89 88 94 92 
Observations  60 146 206 66 199 265 42 201 243 51 147 198 
* Mean number of trees planted by a household in a season, BUND=Ridges/bunds, CRCV=Cover cropping, 
INCR=Intercropping, MCTS=micro-catchments, MULC=Mulching, SBRN=Stopped burning of farm waste, 
AGFT=Agroforestry, TPLT=Trees planted, EXAR=Expanded land area under some crops, RDAR=Reduced land area 
under some crops. 
Notably erosion control measures such as ridges, bunds, terraces and micro-catchments have not 
been widely adopted. Most probably this is because they are labor intensive and the high initial 
costs involved, which the poor farm households may not afford. In most cases, farmers pool labor 
through the village SACCOS to help one another construct the soil erosion control structures. 
Incrementally, more farmers were introducing cover crops and inter-cropping. Cover crops are 
important for reducing soil erosion and would be more popular among farmers on the upper slopes 
than those on the lowlands. Thus, proportion of farmers using it, though increasing, is not expected 
to be very large. Inter-cropping is gaining currency, especially as an insurance and risk management 
strategy. Not all the crops planted on the same piece of land are expected to fail at the same time. 
This is important for food security as well as dietary diversity. Mulching, which is important for 
reducing water loss, is relatively less popular. Perhaps this is partly attributed to increasing adoption 
of drought-tolerant and early maturing crop varieties, and limited availability of organic residues 
(grass clippings, leaves, hay, and straw) which are used as fodder for livestock. Increasing adoption 
of agroforestry may also reduce the need for mulching. As observed, the households are increasingly 
planting more trees. Another good land management practice that is gaining traction in the area is 
stopping of burning of crop residues which, in turn, boosts the development of soil organic matter 
over time. Every year of the survey showed that more than 60% of the farmers were adopting the 
practice. The fact that each year, 100% of farmers are expanding their farmlands under some crops 
is a possible indicator that, previously degraded land is getting rehabilitated, either through soil 
erosion control or adoption of improved inputs. It is also a likely indicator of farmers switching to 
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some more promising crops while stopping production of other less promising ones. This is further 
illustrated by the high proportions of farmers reducing their land area under some crops.  
Agroforestry has gained traction, with 75% of farm households indicating having planted trees in 
2015. In 2016, 59% of households planted trees. Because trees are perennial, this cannot be viewed 
as a decline in agroforestry. Indeed, as the peak is approached, the number of households planting 
new trees in any given year is expected to drop. It is estimated that about 1,210 households in 
Lushoto had adopted agroforestry by end of 2017 (Bonilla-Findji et al. 2018). The World Agroforestry 
Centre (ICRAF) and the Tanzania Forestry Research Institute (TAFORI) are leading in research for 
identifying appropriate agroforestry trees. Three tree nurseries have since been established under 
the management of the village SACCOS, with a capacity to produce 150,000 tree seedlings every 6 
months. Besides the SACCOS, there are model champion farmers establishing tree nurseries, and 
training other farmers in their villages. The trees are planted within the farms, along boundaries and 
across the contours, and are important, not just for environmental conservation but also for 
livelihood diversification. The farmer can harvest firewood, fruits and timber, and honey either for 
personal use or for sale. The SACCOS also plant trees on community land to protect the natural 
water sources that are increasingly running dry because of disturbance of the natural hydrological 
cycles that trees provide. 
Access to climate and weather information 
For farmers to adopt some practices, they need to be equipped with accurate and up-to-date 
weather information. The CSVs approach has provided a platform for the Tanzania Meteorological 
Authority (TMA) and traditional weather forecasters to work together and generate more reliable 
location-specific weather information to be shared with farmers for decision-making for each 
season. Partnership of local SACCOS, Lushoto District Council and TMA ensures more reliable 
weather forecasts and that information is shared with households who are members of the village 
SACCOS. Analysis, however, indicates that the proportion of farmers accessing and using weather 
information in their farming planning remains relatively low (Table 6). It is highly likely that the 












% farmers in 2013 % farmers in 2014 % farmers in 2015 % farmers in 2016 
FH MH T FH MH T FH MH T FH MH T 
Extreme events 50 55 54 51 46 47 32 33 33 47 39 41 
Pests/diseases  2 6 5 26 31 30 29 27 27 23 29 28 
Start of rains  41 37 38 12 16 15 22 23 23 18 20 20 
Next 2-3 months  5 2 3 6 5 6 15 15 15 9 10 10 
Daily forecast  2 1 1 5 3 3 2 2 2 3 2 2 
Observations  49 152 201 69 211 280 41 216 257 51 148 199 
 
The proportion of farmers that received information on impending extreme weather events such as 
droughts and floods was highest in 2013, at 54% and lowest in 2015, at 33%. Information on 
predicted outbreak of pests and diseases was received by only 5% of the farmers in 2013, 30% in 
2014, 27% in 2015 and 28% in 2016. Forecast of onset of rains was received by 38% of farmers in 
2013, 15% in 2014, 23% in 2015 and 20% in 2016. Notable daily forecast and forecasts covering 2 to 
3 months were the least received by the farmers. 
Over 80% of the households that received climate and weather information did so through radio, 
and in over 70% of these households, the information was received by both men and women. About 
90% of the households receiving the information indicated that it included advice on how to use the 
information to improve farming activities although only 80% of them were able to implement the 
advice. The main changes informed by the advice were land management activities and scheduling 
of farm activities. 
Overall, this is an area that needs to be strengthened to improve access and use of climate and 
weather information to support decision making by the farmers. The information dissemination 
network already constituted and working to embed weather forecasting in the Lushoto District 
Agricultural Development program is a milestone in the right direction.  
Collective action and access to credit for climate change adaptation 
In addition to the CSA technologies and practices, CCAFS and partners have promoted other climate-
smart innovations to support dissemination and uptake of the CSA technologies. In Lushoto, CCAFS 
has facilitated the formation of farmer groups in the seven villages since 2011. The groups provide a 
platform for participatory testing and evaluation of resilient agricultural technologies, and training to 
build the knowledge and capacity of communities to change local practices and plan effectively for 
adaptation to climate change. In addition, the groups are important for mobilization of local 
resources for uptake and sustenance of improved agricultural technologies and agronomic practices, 
for dissemination of weather and climate information and for quick/easier provision of extension 
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services. Since 2012, three vibrant Community Based Organizations (CBOs) have been established, 
which have since transitioned into three vibrant SACCOS — Yaboga, Mbukwa and Kwamaga. 
Services provided to the community by the SACCOS include village savings, table banking, and 
loaning, and acquisition of farm inputs. While there were no data collected on household group 
membership for 2013 and 2014, the 2015 survey showed that 43% of the households were members 
of social groups. This had improved to 48% by 2016. Over 70% of these community groups are 
engaged in savings and credit. A few others are engaged in management of tree nurseries, crop 
production and marketing, and soil conservation. 
By 2016, the SACCOS had saved USD 30,200 which could be loaned to members for agricultural 
activities, purchase of food and starting or boosting small businesses. In 2014, 15% of the farm 
households obtained loans from the groups, totalling to about USD 3,003 or an average of USD 91 
per household. The proportion of borrowers from the community groups increased to 21% in 2015, 
with a total amount of USD 13,389, and an average of USD 212.53 per household. In 2016, the 
proportion rose to 61%, with the total amount borrowed being USD 19,620, and the average amount 
borrowed per household being USD 218. Thus, households are increasingly turning to the 
community groups for loans and the groups are, so far, able to meet this rising demand for the 
loans.  
Examination of the use of the money borrowed from community groups provides interesting insight 
(Figure 3). 
 































The bulk of the money borrowed is spent on agricultural activities. A good number of borrowers also 
direct the money to payment of school fees and funding of small businesses. Notably, in 2016, about 
30% of the borrowers spent the money on food purchases. Allocation of this expenditure is closely 
related to adoption of crop management practices and the crop harvest. For example, in 2015, more 
households spent the funds on agricultural activities. In the same year, adoption levels of most of 
the crop management practices increased (Table 4). Harvest of the main crops also increased (Figure 
2). In 2016, although a large proportion of households borrowed from the community groups, those 
spending the borrowed money on agricultural activities declined. This is correlated with the decline 
in adoption of most of the crop management practices and the associated harvest of the main crops. 
An estimated 1,980 households accessed informal group loans by the end of 2017 (Bonilla-Findji et 
al. 2018). The number of farmers accessing those loans increased further to the year 2019 because 
households purchased more improved seeds from TARI through the umbrella CBOs. 
Econometric results 
Empirical results from the econometric analysis are summarized in Table 7. The highly significant 
likelihood ratio test shows that MVPM fits the data better and captures farm technology adoption 
decisions better than the independently formulated probit models. This is also evident from the 
significant error correlation parameters. In a nutshell, the MVPM outperforms the standard 
univariate model popularly used in technology adoption studies. This shows presence of 














Table 7. Multivariate probit estimates of joint adoption of agricultural technologies. 
Explanatory variable Technology (input) type 
Crop diversification Inorganic fertilizer Pesticide/herbicide 
Household characteristics 
Age of household head -0.002 (0.003) -0.002 (0.003) -0.005 (0.002)* 
Gender of household head 0.16 (0.09)* 0.18 (0.09)** 0.24 (0.077)*** 
Education of household head  -0.02 (0.014) -0.01 (0.01) -0.03 (0.014)* 
Household size 0.034 (0.016)*** 0.03 (0.017)* 0.03 (0.017)** 
Household Socio-economic factors 
Importance of crop farming 0.02 (0.02) -0.01 (0.02) 0.01 (0.02) 
Importance of livestock  0.04 (0.03) -0.01 (0.03) -0.06 (0.03)* 
Land size  0.12 (0.04)*** 0.04 (0.04) 0.09 (0.03)*** 
Income  -0.05 (0.03)* 0.06 (0.03)** 0.03 (0.02) 
Social capital -0.05 (0.08) 0.12 (0.09) 0.012 (0.079) 
Access to credit 0.12 (0.09) -0.01 (0.1) 0.04 (0.1) 
Received weather information 0.25 (0.09)*** -0.003 (0.09) 0.13 (0.08)* 
Previous use of fertilizer  0.16 (0.075)**  
𝜌12 0.59 (0.1)***   
𝜌13 0.38 (0.12)***   
𝜌23 0.72 (0.08)***   
Likelihood ratio test 𝑥2(34) = 88.87 𝑃𝑟𝑜𝑏 > 𝑥2 = 0.0000 
Number of observations 189  
The results show adoption propensities. Standard errors are in parentheses. *, **, and *** indicate significance 
at 10%, 5% and 1%, respectively. 
The contemporaneous error correlations of the MVPM are all positive and statistically significant. 
They are interpreted as the estimates of input complementarities among crop diversification, 
inorganic fertilizer, and pesticides and/or herbicides. There is a very strong complementarity 
between adoption of crop diversification and inorganic fertilizer adoption (correlation coefficient of 
0.59), and inorganic fertilizer and pesticides and/or herbicides adoption (correlation of 0.72). The 
strong correlation between adoption of crop diversification and adoption of inorganic fertilizer is 
most probably because of the anticipated better returns from the joint adoption (Ogada et al. 2014). 
The strong correlation between inorganic fertilizer and pesticides and/or herbicides adoption is 
understandable because the use of inorganic fertilizers may also trigger growth of weeds, 
necessitating the use of herbicides. Further, the possible good harvest associated with inorganic 
fertilizer use may call for use of pesticides on the stored harvest. Complementarity between crop 
diversification and pesticides could be, like with inorganic fertilizer, through the path of increased 
yield which necessitates prolonged storage periods, possible through pesticides. These results are 
consistent with those of previous studies (see Sheahan and Barret 2014, Ogada et al. 2014 for 
examples). 
Estimation results on the other explanatory variables in our CSA technology adoption propensity 
equations largely show heterogeneity in impact. For example, while the age and education of the 
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household head have no effect on adoption of crop diversification and inorganic fertilizer, they are 
negatively correlated with adoption of pesticides and/or herbicides. This shows that older farmers 
and those with more years of schooling have a lower propensity to adopt pesticides and/or 
herbicides. Possibly this is associated with their health and environmental awareness which could be 
driving them to other alternative safer ways to store the harvest. Male farmers and those with larger 
family sizes are more likely to adopt all the three complementary technologies under consideration. 
Both factors could be associated with better resources and better networks that may affect farm 
technology adoption. It is also possible that larger household size is a source of family labor which is 
important for crop diversification, and application of both inorganic fertilizer and pesticides and/or 
herbicides. Those that view livestock as important are also less likely to adopt pesticides and/or 
herbicides. This is not surprising because such households could be concerned with implications of 
the pesticides and/or herbicides for the health of the livestock. Moreover, domestic animals could 
feed on the plants and reduce the need to use herbicides. Households with larger land sizes were 
more likely to adopt diversified crops and pesticides and/or herbicides. This is not surprising because 
more land provides opportunity for the farmer to grow a wide range of crops, and to cut on demand 
for farm labor, the farmer may rely on herbicides. Because such a farmer may have a large harvest, 
probability of using pesticides for storage may also increase. Households with higher income were 
more likely to adopt inorganic fertilizer and less likely to diversify their crops. It is possible that such 
households are producing crops, not for domestic consumption but for the market. Thus, they tend 
to specialize on particular market-oriented crops and also use inorganic fertilizers for optimal 
output. This further shows that households with less liquidity constraint are less likely to seek 
absolute risk aversion (see Zerfu and Larsen 2010). Households which receive weather forecast 
information are more likely to adopt crop diversification and pesticides and/or herbicides. Perhaps 
this is because crop diversification and use of herbicides may require better and early planning. For 
example, to diversify crops, the farmers must prepare a number of seed varieties before the onset of 
rains. A farmer who is empowered with weather information and agro-advisories is better placed to 
do this than their counterpart who is not. Last, a farmer who has previously used inorganic fertilizers 
is more likely to use it in subsequent cropping seasons. Most probably this is because the initial use 
is a chance to experiment and when the farmer updates their belief on the good returns due to 





Conclusion and policy implications 
The paper used MVPM analysis to investigate multidimensional agricultural technology adoption 
decisions in the presence of household heterogeneities. The technologies and practices include 
diversification of improved resilient crop varieties, inorganic fertilizer, and pesticides and/or 
herbicides. Thus, the paper quantified the complementarities among alternative agricultural 
technologies and practices while controlling for unobserved heterogeneities which might be 
independent or correlated with the observable explanatory variables which influence household 
farm technology adoption. Results show that agricultural technology adoption decisions exhibit 
complementarity for the technologies and practices analyzed. Conditional on various observable 
household level factors and unobservable heterogeneity, we find correlation in adoption 
propensities among crop diversification, inorganic fertilizer, and pesticides and/or herbicides. We 
also find evidence of unobserved heterogeneity which leads to heterogeneous impact of explanatory 
variables on adoption of different farm technologies even among farmers with similar observable 
characteristics. These heterogeneities could represent variations in tastes and preferences among 
households for individual farm technologies and practices conditioned by the extent of risk aversion 
or perceived rate of return to technology adoption. This implies that technology diffusion strategies 
and policies based on the univariate analysis may be insufficient in addressing household agricultural 
technology adoption processes and may have contributed to the low levels of adoption. 
These findings provide critical insights which may be useful in scaling technology adoption and 
diffusion among smallholder farmers. For example, complementarity among technologies shows 
that policy instruments that affect one technology are likely to influence other related technologies. 
Thus, diffusion can be improved by providing and promoting these technologies as a package 
(bundling). Other constraints to farm technology adoption such as farmer income, education, farmer 
experience with the technology, access to weather information and agro-advisories, and gender may 
also need to be tackled in designing effective technology diffusion strategies. For example, poorer 
and marginalized households may not be enjoying the benefits of inorganic fertilizer and even if they 
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